Eleven cannonballs were found in the Akko 1 shipwreck; two of them, a 9-pdr and a 24-pdr, were 
Introduction

Historical background
The city of Akko (St. Jean d'Acre, Acre, Akka) is located at the north end of Haifa Bay, in northern Israel. It is one of the most ancient cities in Israel, with evidence of habitation since the Early Bronze Age (3300 ). The present harbour of Akko has a history of more than 2,500 years [1] [2] [3] [4] . The town and harbour were conquered by the Ottomans in 1516 [5] .
Between the end of the eighteenth and the first half of the nineteenth centuries, Akko was involved in three naval campaigns. Napoleon Bonaparte laid siege to the Ottoman town on 19 March 1799. The Ottomans, aided by a British squadron commanded by W. Sidney Smith, fought back, and after 61 days of indecisive siege, the French retreated toward Egypt [6] [7] [8] . In 1831, Ibrahim Pasha, the son of Muhammad Ali-the ruler of Egypt, laid siege to Akko, aided by an Egyptian fleet. On 9 December 1831, the Egyptian ships bombarded Akko heavily, but the engagement was not decisive. Gunfire from the town sank one gunboat and damaged the other ships. The Egyptian ships retreated to Haifa and later sailed back to Alexandria for repairs. However, the town was taken by the Egyptian army on 27 May 1832, after a six month land siege [6, 9, 10] . Several years later, on 3 November 1840, a British-Austrian-Ottoman fleet bombarded Akko. A shell hitting the main Egyptian powder magazine of Akko resulted in an explosion which destroyed a significant section of the town. Akko was taken by the allied fleet the following day [6, 7, 10] .
In these three naval operations, western European or eastern Mediterranean ships of various types, rates and classes, took part. From analyses of the archaeological data combined with the historical background, it is believed that the Akko 1 shipwreck is apparently a result of the 1840 campaign. uppermost remains of the port side, lying in a northwest to southeast direction. The shipwreck comprised sections of the keel and false keel, bow timbers, hull planks, framing timbers, and ceiling planking. The shipwreck components were mainly (86%) made of eastern Mediterranean hardwood, and the remainder was made of softwood [11] .
The original ship was apparently built at the end of the first quarter of the nineteenth century and shipwrecked about 1840. A reconstruction of the original ship suggests a 26-m-long two-masted brig carrying 16 guns. The cannonballs, lead shots, and muskets discovered, as well as traces of fire on the hull timbers, provide abundant evidence for the ship being involved in warfare. Considering the aspect of seamanship inside Akko harbour, and the navigational hazards, the chances of a vessel of this type entering the harbour to attack are unlikely if not impossible; thus, it would have been a friendly, rather than an enemy, ship [11] . Therefore, Akko 1 could have been an auxiliary vessel shipping ammunition and armaments to Akko, which sank inside the town's harbour.
Eleven cannonballs were found, of which ten were inside the shipwreck and one was found near the false keel under the bottom [11] . Three of the cannonballs were retrieved and identified as 9-, 12-, and 24-pdrs. The 9-and 24-pdr cannonballs underwent a series of metallurgical investigations. In a previous study to the present one, it was found that both cannonballs were manufactured after 1839. The 9-pdr cannonball may have been casted in Egypt [12] . This study, as part of a systematic series of investigations concerning the Akko 1 shipwreck [11] [12] [13] , has determined the microstructure, composition and properties of these two cannonballs. It aims to explain the reason for two types of cast-iron in the same cannonball, as well as to ascertain whether they were manufactured at the same foundry and with the same technology, and to obtain additional indications for the dating. Such a multidisciplinary approach explores the relations between the manufacture of the objects and their production centres, local workshops, and general trends, as well as technological changes during prehistory and history [14, 15] . The section following the research background describes the metallurgical tests performed in order to determine the differences and similarities between the two cannonballs.
Research background
The solid round shot
The early round shots were often made of stone. They were lighter, faster, and put less strain on the cannon than iron ones. However, stone proved to be too brittle to withstand the explosive force of gunpowder, and not sufficiently dense to produce the proper effect when striking. This, in addition to the high cost of cutting a round ball out of stone and the improvement in the quality of gunpowder and castiron technology, resulted in the fact that, by the end of the sixteenth century, a cast-iron round shot had replaced the stone shot, and was the most common and simple projectile fired from smoothbore ordnance [16] [17] [18] . Cast-iron cannonballs initially appeared in Europe in the first half of the fifteenth century (in the county of Namur, Belgium, in 1414) [19] . Other substances were also tried; lead was appropriately dense and less brittle than stone, but too soft; wrought-iron was very strong but difficult to work and expensive; and cast-iron united the necessary qualities of hardness, strength, density, and cheapness [17, 18] .
Iron or brass moulds, divided into two halves fitting each other exactly, were used for the production of cast-iron round shots. These moulds (termed Coquilles à boulet in French), were moulded in sand, and were made in a frame with a wooden pattern [20] [21] [22] . Later in the nineteenth century, it was found that iron moulds make an inferior, brittle article, liable to be easily broken, principally during the more rapid cooling of the metal. Therefore, moulds were made of sand, similar to sand used in casting guns, although less refractory sand was needed, as the mass of the metal was less, and consequently, possessed less heat. The sand was mixed with clay-water, to give it form and consistency [17, 23] .
The liquid metal was brought from the furnace in a bucket or in a ladle made of iron and coated with clay, having wrought-iron or wooden handles. It was poured into the moulds in a small stream using a feeder, which entered the mould from the side, at the juncture between the two halves, in order to prevent injury to the form. As the metal was raised, the air escaped through a different vent, which also served as a dead-head to collect the scoria. This vent was vertically above the plane of the mould seam [17, 23] . To produce a sound casting, additional material had to be furnished in order to compensate for the shrinkage caused by the cooling and solidifying metal [17, 24] .
External or internal flaws could have resulted from the ebullitions and the interception of air. The air would not have time to escape if the vent was filled up with the metallic liquid. This sort of problem was greater in casting small calibre cannonballs since they cooled down much sooner compared with large calibres [22] .
Once taken out of the moulds, the cannonballs were imperfect, and their surface was seldom smooth. As closely joined as the moulds were, the cannonballs almost always had a circular seam formed by the metal running out through the juncture between the two halves, and tearing at the fracture of the vent. This irregularity could have scratched the bore of the cannon. Therefore, one method to smooth the cannonball was to remove the excess metal using a hammer and a chisel. Another method was to re-heat the shot until it became red-hot, and hammer it with mechanical hammers until it became as perfectly smooth as possible. In some navies, several cannonballs were later placed together in a large revolving iron cylinder, which, by friction, polished and made their surfaces more uniform [17, [21] [22] [23] 25] . Since it was technologically impossible to cast a perfect spherical ball without any irregularities, and exactly to the diameter required, the manufacturer was allowed a certain element of error [18, 24] .
As a result of the casting process, three distinct identification marks were left on the shot: the mould seam; the filler hole sprue; and a circular mark, vertically above the plane of the mould seam, which was created as the metal began to fill the vent at the top of the mould. Identification marks such as the mould seam and a circular mark of 38 mm in diameter were found on the 24-pdr cannonball retrieved from the Akko 1 shipwreck (Fig. 2) . No casting marks were seen on the 9-pdr cannonball, perhaps because of its inferior state of preservation.
Moulds and cast-iron
Moulding may be considered in two subdivisions: one is moulding proper, and the other is the formation of the pattern. Moulding proper was almost the same in principle and in practice for each of the various kinds of metals or alloys. Slight variations in the materials for moulding and in their treatment were the only differences in moulds which were designed to be used for metals. The principal materials used in moulding were sand of various kinds, loam, plaster of Paris, blackening, and metal [26] . Sand was the most common, and certainly the most convenient and available material, and was considered superior to all other materials for moulding [26] . As early as the Chalcolithic period, open moulds made of sand or sand and clay mixture were used for casting copper objects [27, 28] . Sand is more or less porous, and very refractory, so that the hot metals do not melt or bake it, two qualities of great importance in the successful operation of the process. The various kinds of good moulding sand employed in foundries for casting iron or brass have been found to be of an almost uniform chemical composition, varying in grain or aggregate form only [26, 29] .
Clay was frequently used for improving the adhesiveness of sand. It was selected from the white luminous kind, argillaceous earth, or fine clay. The clay was either dissolved in a large quantity of water, and kept in the foundry for occasional use, or was dried, pounded, run through a fine sieve, and then mixed with the sand [17, 23, 26] . Moulds consisting partly of loam or sand and partly of metal were in frequent use in iron foundries of the nineteenth century [26] .
Cast-iron smelting was already been used in China since 500 BCE (mostly gray cast-iron), but it was first introduced in Europe in the fifteenth century, and was used as a raw material for blacksmiths [30] [31] [32] [33] . The Chinese produced their low carbon iron plates indirectly from treating cast-iron by various decarburization processes [33] . The mass production and use of cast-iron in Europe as an important structural material began in the eighteenth century in England when A. Darby developed a method of smelting iron with coked coal [30, 34, 35] .
In 1810, a Swedish chemist, J. J. Berzelius, attempted to isolate silicon for the first time from its oxide at a temperature of 1500°C by melting Si, C, and Fe in a sealed crucible [36] . Four years later, the German scientist K. Karsten concluded that the different types of cast-iron result from different forms of carbon content [37] . During the nineteenth century many technical innovations were developed, including continuous melting; furnace improvements (such as better blowers and pouring devices); microscopic analysis of metals including the metallography process, developed by H. C. Sorby in 1863; moulding equipment; and many other tools that are commonly used in modern workshops and factories [38, 39] . In 1837, a dependable moulding machine was introduced into the market, and commercial mechanical blower devices entered the market after the middle of the nineteenth century. The nineteenth century also brought many improvements in materials, equipment and processes, and as a result, the use of iron for castings increased significantly [40] .
Cast-iron is characterized and classified according to its graphite percentage, shape, size and microstructure distribution, including ferritic, pearlitic and ferit-pearlitic matrix, and is divided into lamellar graphite cast-iron, moduler, vernicular, etc. [41] . Cast-iron contains mainly 2-4 wt% carbon (C) and mostly 0.5-3 wt% silicon (Si). Other elements which can be found are sulphur, phosphorus, and manganese. Increment of carbon concentration results in a lower melting point of the cast [30] . Both modern gray cast-iron and the metallurgical control of metals were inaugurated at the beginning of the nineteenth century (between 1810 and 1815) [30, 42] . The main difference between gray and white cast-iron is the amount of silicon present in the alloy: gray cast-iron contains more than 1 wt% Si, whereas white cast-iron contains less than 1 wt% Si [43] . Since Si is a graphite stabilizing element, the addition of more than 1 wt% Si causes the C to precipitate as dark graphite flakes, surrounded by a bright pearlite matrix, and alternating thin layers of α-ferrite and a dark cementite (Fe 3 C) phase [44] . The graphite formation results from a slower cooling rate solidification or according to the high presence of silicon in the cast-iron [37] . However, a structural transition from white to gray cast-iron may occur in accord with heat released and inappropriate heat treatment [41] . Cast-iron is a gradient material, which means that different microstructures may occur for the same composition and the physicochemical state of molten metal as a result of different cooling rates [45] . Parameters such as shape and dimension of the mould and the casted objects, the pouring temperature, and the presence of small amount of different elements such as Mg, S and O, can influence the cooling rate and may cause changes in the microstructure [46] . The graphite flakes cause low strength and ductility, but have good machinability and wear resistance. Less than 1 wt% Si causes a precipitation of Fe 3 C particles rather than graphite. The massive amount of cementite results in good hardness, good abrasion resistance and brittleness [40] . By 1860 metallurgists already knew that gray cast-iron has good castability, a low melting point (~1200 o C), good fluidity, and that it is weak in tension but has high strength in compression [17, 23, 47] . Thermal heat treatment may improve the impact strength of the cast-iron compared to the as-cast material [48] . Different manufacturing processes of cast-iron, which varied from one foundry to another, resulted in variations in material properties [49] .
Two dissimilar types of pores are formed during casting: the first is formed during the early stage of solidification, and the second is formed during the
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last stage of the solidification process. The pore concentration depends on factors such as the cooling rate and the carbon content [50] . Gas porosity is a significant problem, which occurs in cast-iron products, and is usually caused by the development of gases during the casting process. Hydrogen and nitrogen are the common gases that cause porosity in cast-iron. Their presence during the casting process may result from the reaction between the metallic iron and the sand mould, or from the development of gas bubbles, which dissolve in the liquid metal through solidification. The solubility of hydrogen and nitrogen gasses in the liquid metal decreases as the amount of carbon and silicon in the cast-iron increases [51] .
Experimental methods and testing
The two cannonballs retrieved from the Akko 1 shipwreck (9-pdr and 24-pdr, shown in Fig. 3 ) were studied using metallographic optical microscopy (OM), scanning electron microscopy with energydispersive spectrometry (SEM-EDS), and hardness testing. The present results were compared with previous scanning SEM-EDS and X-Ray Fluorescence (XRF) spectrometetry measurements [12] .
Metallographic examination was performed for both cannonballs, including cutting samples with a diamond wheel dicing saw and creating strips that were cut into smaller pieces. First, a rough polish was performed on the samples using 80 grit silicon carbide (SiC) paper. Then the samples were mounted in Bakelite at a temperature of 180 o C and a pressure of 20 bars. Surface preparation of the specimens began by grinding with 240-600 grit SiC papers, followed by polishing using 5-0.05 µm alumina pastes and finally polishing using 0.05 µm colloidal silica polishing suspension paste. After that, the samples were first cleaned in an ultrasonic bath to remove any contamination, and then cleaned with ethanol and dried. Later the samples were etched with Nital acid (97 mL ethyl alcohol and 3 mL nitric acid). After preparation, the samples were examined in a metallographic OM (ZEISS, AXIO Scope A.1).
SEM-EDS analysis was performed for both cannonballs, characterized by a FEI Quanta 200FEG ESEM in high vacuum mode, using the EverhartThonley Secondary Electron (SE) detector. Chemical analysis was performed using SEM-EDS with Si(Li) liquid cooled Oxford X-ray detector. Following the metallurgical examination, Rockwell C hardness measurements were performed along the diameter of both cannonballs, with 15 N load using Future-Tech hardness tester.
Results
Visual observation of both cannonballs revealed a uniform corrosion layer at the external surface of the object. Graphite flakes are known as sites for ironoxide formation, so the corrosions initiate along the graphite flake boundaries [52] . The corrosion products on the surface of archaeological objects depend on different factors, among them the composition and the environment in which the object was held, including the pH, temperature and time [53] . The metallographic OM and SEM-EDS analysis of both cannonballs, the presence of cavities containing sand [12] , and the seam marks on the 24-pdr shot, reveal that the 9-pdr and 24-pdr cannonballs were manufactured by sand mould casting of castiron. A comparison with previous SEM-EDS and XRay Fluorescence (XRF) spectrometetry measurements is shown in Tables 1 (SEM-EDS) and 2 (XRF).
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Figure 3. Images of the cannonballs after cleaning the marine encrustation: (a) 9-pdr and (b) 24-pdr (Photo: J. J.
Gottlieb).
Table 1. SEM-EDS results of the cannonballs cast-iron (values in wt%), using Quanta 200 ESEM FEG from FEI.
Specimen description Compositions weight
Fe C Si Mn P The 9-pdr cannonball, white cast-iron (Fig. 4 , internal part of the cannonball, area B') 96.5 2.7 -0. 8 -The 9-pdr cannonball, white cast-iron (Fig. 4, internal 
The 9-pdr cannonball
The OM and SEM examination of the 9-pdr cannonball revealed two different areas (Figs. 4 and  5) . A corrosion layer (Area A) was observed at the external surface of the cannonball; and beneath it, white cast-iron (Area B). The structural modification in the 9-pdr is uniform dendritic microstructure of white cast-iron, including cementite plates (bright) in ledeburite matrix, but with no evidence of gray castiron occurrence.
The two EDS measurements of the 9-pdr cannonball micrographs shown in Table 1 revealed the presence of Fe with C, and Mn (both at 0.8 wt%). The SEM and SEM-EDS analysis of the white cast-iron near the external part of the 9-pdr cannonball exposed a lamellar structure made of Fe and C (Fig. 6) . The XRF results of the 9-pdr cannonball [12] revealed the presence of Fe, Si, P and Mn (0.6 wt%), as shown in Table 2 . However, elements such as C and O were not detected due to the XRF machine limitations. The SEM including SEM-EDS analysis of the iron-oxide near an internal cavity showed a crystalline structure (akaganeite-FeOOH(Cl x ) [54] with the presence of Fe, C and P as well as Cl, O and Al (Fig. 7) . A similar structure was also observed, but with the absence of Cl (Fig. 8) . The elements Cl, O and Al are common corrosion elements. However, according to the Israeli coastline sea water quality monitoring plan which was conducted in 2002 [55] , the main sources of Fe and Al were soils and desert dust particles carried by the wind along the coast. Nevertheless, the Al could have been the result of contamination from the polishing process with alumina paste, although the specimens were cleaned with an ultrasonic bath before their examination. The Rockwell hardness test results along the diameter of the 9-pdr cannonball showed that the hardness near the external surface of the cannonball was moderately higher than the hardness in its inner part, as shown in Fig. 9. 
The 24-pdr cannonball
The OM and SEM examination of the 24-pdr cannonball revealed three different areas (Fig. 10) surface of the cannonball; and beneath it a dendritic cast-iron microstructure, containing two different structures including gray (Area B) and white (Area C) cast-iron. The 24-pdr cannonball microstructure near the external surface was made of gray cast-iron including pearlite phase and graphite flakes (as shown by SEM in Fig. 11) , and white cast-iron at the centre of the cannonball (Fig. 12) .
The EDS analysis of the 24-pdr cannonball micrographs (Table 1) showed the presence of Fe, C, Si, Mn and P, which are typical materials in white cast-iron [36] . The EDS analysis of the gray castiron revealed the presence of Fe, C, Si and P, but no Mn was observed. The EDS analysis of the white cast-iron revealed the presence of Fe, C, P and Mn (0.8 wt% on average). At the places where P was observed, the surface of the metal was brighter. At the centre of the cannonball, sand remains were found, probably resulting from the sand casting process. The XRF examination of the 24-pdr cannonball [12] showed the presence of Fe, Si, Mn (0.6 wt%), and P (Table 2) . A SEM micrograph at the external surface of the cannonball, including EDS analysis, disclosed uniform corrosion (near the gray cast-iron area). Corrosion products such as Na, Cl, O, K, Zn, Ca and Al were observed in different areas of the 24-pdr cannonball, as shown in Table 3 . The SEM including SEM-EDS analysis of the cavity (Figs. 10  and 13 ) observed in the bulk of the 24-pdr cannonball (a white cast-iron area) before grinding, polishing and etching, exposed crystalline structure of akaganeite-FeOOH(Cl x ) iron-oxide morphology (Fig. 14) , which is the most common corrosion product of iron in a marine environment [54] . The chloride ions are necessary materials for akaganeite formation and stabilization. Flower-like or star-like carbide morphology [40, 54] , which is characterised by the presence of isolated variable multi-arm carbide solidification microstructures, was also observed in the 24-pdr cannonball (Fig. 15) . The Rockwell hardness test results along the diameter of the 24-pdr cannonball showed that the hardness near the external surface of the cannonball was significantly higher than the hardness in its inner part (Fig. 16) .
Discussion
A thorough study of the manufacturing technologies of the two cannonballs may provide information about the cannonballs' date and manufacturing location. The various tests performed on the two cannonballs were designed to determine their microstructure, composition and properties in order to understand their detailed manufacturing process. For example, the use of a feeder in the 24-pdr cannonball in order to compensate for metal shrinkage suggests that it was manufactured during the first half of the nineteenth century. The technological analysis may provide us with additional information regarding manufacturing techniques of different workshops during the first half of the nineteenth century.
The sand found in the pores inside the 9-pdr and 24-pdr cannonballs could not have come from the seabed environment of the shipwreck site, since the cavities were located near the centre of the cannonballs, in places where no presence of corrosion products was observed [12] . Therefore, it is suggested that this sand is the remains of the sand casting.
The Rockwell hardness test, as well as the OM and SEM-EDS microscopy results along the diameter of the two cannonballs, demonstrated that they were made of different cast-iron (see Tables 1 and 3) . While the 9-pdr cannonball hardness is uniform (according to its uniform structure), as shown in Fig.  9 , the 24-pdr cannonball is non-homogeneous according to its non-uniform gray and white cast-iron structure, as shown in Fig. 16 , with higher hardness near the external surface of the cannonball.
The fact that the two cannonballs are different in terms of their microstructure and their hardness distribution could result from two dissimilar processes:
(a) The casting of the 9-pdr cannonball was made in one step, without the use of a feeder and without any feeding of additional molten material. Therefore, the white cast-iron is present in all parts of the cannonball including the external part, where the heat removal rate is higher [37] .
(b) In the 24-pdr cannonball gray cast-iron is present only in the external part of the cannonball, while white cast-iron is present in the internal part. Therefore, it may be assumed that in the 24-pdr cannonball the liquid material of the white cast-iron was poured into the casting mould first, and only then was the liquid material of the gray cast-iron poured in using a feeder.
The addition of liquid material (gray cast-iron) into the sand mould during the solidification, apparently results from the need to close spaces inside the bulk of the cannonball and thereby reduce porosity to the minimum. It is also possible that the use of gray cast-iron was intended to ameliorate the hardness and wear resistance of the external surface of the 24-pdr cannonball. This may indicates that during the period of the cannonballs' manufacture, it was already known that the presence of porosity in a cannonball could result in a reduction of their target firing capability. Adding manganese to both cannonballs during solidification results in reducing gas holes and porosity [12, 56, 57] , which probably improved firing capabilities. The importance of using a feeder in the 24-pdr cannonball results from the fact that the bigger the mould is, the larger the shrinkage problem caused during solidification [24] . Shell guns were introduced in 1837 [58] . The fact that only cannonballs were found in the shipwreck, might indicate at a pre-1837 dating. However, cannonballs were still in use during the Crimean War (1854-1856) [58] . Considering that the introduction of modern gray cast-iron occurred at the beginning of the nineteenth century (between 1810 and 1815) [30, 42] , combined with the presence of gray cast-iron in the 24-pdr cannonball, suggest that the two cannonballs were casted during the first half of the nineteenth century. It seems that they were not manufactured post-1860, since at that time the qualities of gray cast-iron were already known [17, 23, 47] , and the use of white cast-iron was less likely. Thus, the casting of the cannonballs could have taken place between about 1810 and not later than 1860. This is supported by the relatively high concentration of manganese in both cannonballs, since the presence of more than 0.1 wt% Mn means that the manganese was added deliberately into the alloy and designates a post-1839 manufacture date [12, 56] . Therefore, the manufacturing technologies presented in this study, reinforce the possible dating of the two cannonballs.
Considering the metallurgical and chemical composition analysis, the naval context of Akko 1 shipwreck, and the fact that no naval campaign took place in the Akko vicinity after 1840, it is suggested that the Akko 1 shipwreck could have taken part in the battle of 1840 and sank. However, its being an auxiliary vessel that entered Akko harbour with ammunition and supply a short while earlier or even later than 1840 is no less logical. The approximate 1840 or earlier dating reinforces the assumption that it was a ship friendly to the Egyptian forces controlling Akko at that time [11] .
Conclusions
The two cannonballs retrieved from the Akko 1 shipwreck were made of cast-iron and manufactured by sand casting moulds. The fact that the cast-iron in the 24-pdr cannonball is non-uniform might indicate the use of a feeder in order to compensate for metal shrinkage during the cooling process, and was perhaps also done in order to improve the hardness and wear resistance of the external surface of the 24-pdr cannonball. The different manufacturing process observed on the two cannonballs, suggest that they were manufactured by two different technologies at the same foundry, or in different foundries and with different technologies. The latter may support the possibility that they belonged to different navies. The cannonballs were apparently manufactured about the end of the first half of the nineteenth century, and considering the archaeological and historical background, this may reinforce the suggestion that Akko 1 was a naval auxiliary brig which was in Akko harbour about 1840.
